The fate of transplastomic (chloroplast genome contains the transgene) tobacco plant DNA in planta was studied when the plant leaves were subjected to decay conditions simulating those encountered naturally, including grinding, incubation with cellulase or enzymes produced by Erwinia chrysanthemi, and attack by the plant pathogen Ralstonia solanacearum. Direct visualization of DNA on agarose gels, gene extraction yield (the number of amplifiable aadA sequences in extracted plant DNA), and the frequency that recipient bacteria can be transformed by plant DNA were used to evaluate the quality and quantity of plant DNA and the transgene. These measurements were used to monitor the physical and biological degradation of DNA inside decaying plant tissues. Our results indicate that while most of the DNA will be degraded inside plant cells, sufficient DNA persists to be released into the soil.
The development of transgenic plants in which the chloroplast genome contains the transgenes has reduced the probability of transgene transfer through pollen dispersal. Another advantage of transplastomic plants is the hyperexpression of the cloned genes (8) . On the other hand, this emerging and promising plant technology increases the number of copies of any transgenes to thousands more than nuclear genetic engineering does and thus increases the frequency of gene transfer to competent bacterial cells that colonize plant tissue (15) .
Most studies attempting to detect gene transfer from transgenic plants to environmental bacteria have been done with soil environments where soil bacteria might be transformed by plant DNA. Two arguments justify studies focusing on soil environments: (i) the number of prokaryotes in soil is very high, up to 10 9 g of soil Ϫ1 , and thus, the presence of competent cells could be significant for possible bacterial transformation; (ii) transformation-mediated gene transfer could be expected to occur in soil due to the significant amount of soil extracellular DNA (11) that results from its passive release from dead microbial, vegetable, and animal cells or its active release by living cells (5, 14) .
Persistence of DNA in soils is probably due to adsorption onto soil components such as sand particles, clay minerals, or humic compounds, thus protecting DNA against nuclease degradation (1, 7, 16, 18, 21) . Numerous experiments have been conducted with pure DNA adsorbed onto soil components in order to study the influence of various biotic and abiotic parameters, including the size and conformation of DNA (10, 13, 16, (22) (23) (24) . Other studies have used ground plant material (29) or whole leaves (28) buried in soils for various periods under field and laboratory conditions before plant DNA was quantitatively analyzed. When experiments were conducted with soil microcosms, PCR tests indicated that most of the plant DNA was rapidly lost, although a proportion remained detectable in the soil (28, 29) . Although others have found detectable transgenic plant sequences in field soil, where the presence of plant tissues was no longer detectable (12, 20) , the decaying plant process certainly affects DNA stability and persistence over time (27) . During plant senescence, active nucleases can degrade DNA. During plant decay in soil, the activity of vegetable nucleases continues because these enzymes tend to remain active for some time after cell death (17) . Moreover, during plant decay, plant DNA can be also degraded by nucleases of microbial cells that degrade plant residues. In addition to nucleases, other microbial enzymes (cellulases, proteases, ligninases, etc.) involved in the degradation of plant polymers are active during plant decay, and their activity might facilitate the access of microbial nucleases to plant DNA. No information is available on the effects of nucleases and other enzymes on transgenic DNA persistence. Another limitation to most of the studies described above is that they have not considered the possible biological activity (transforming ability) of the PCRdetected DNA.
The objective of this paper was to study the fate of DNA in transgenic plant cells throughout the decay process of plant material under conditions simulating those encountered in nature. For this purpose, we used transplastomic (chloroplast genome contains transgene) tobacco plant leaves containing the aadA gene. Construction of the transplastomic tobacco plant Nicotiana tabacum cv. PBD6 was described previously (15) . This plant was generated by particle bombardment as described by Staub and Maliga (26) and contained the aadA gene conferring resistance to spectinomycin and streptomycin integrated in the plastid genome. The leaves were incubated with extracellular enzymes from the plant pathogen Erwinia chrysanthemi strain A576, which was cultured overnight in 250 ml of M63 medium at 28°C until reaching an optical density at 600 nm (OD 600 ) of 2.10 according to the method described by Moulard et al. (19) . The culture was centrifuged at 5,000 ϫ g for 20 min, and the supernatant, containing a cocktail of pectinolytic enzymes, was stored for several hours before use at 4°C in the presence of some drops of chloroform. The leaves were also incubated with a cellulase-containing solution from Trichoderma viride (Merck-Eurolab), which was prepared at concentrations of 0.08 g ml Ϫ1 in 0.1 M Na-acetate buffer (pH 4) according to the manufacturer's recommendations. The DNase activity of each enzymatic solution was determined with plasmid pLEP01 or purified genomic tobacco DNA as a substrate according to the method of Moulard et al. (19) . At various stages, the plant DNA was extracted by cutting green leaves into equivalent pieces of about 0.5 g. These pieces were incubated in two separate Erlenmayer flasks in the presence of 100 ml of cellulase or pectinolytic solution. At least three plant pieces were recovered at each time point after 0, 1, 24, and 72 h of incubation at 23°C. The plant pieces were ground in liquid nitrogen, weighed, and stored in Eppendorf tubes at Ϫ20°C until undergoing DNA extraction with the DNeasy plant DNA miniextraction kit (Qiagen). This kit was also used to extract and purify DNA from plant leaves that were used as controls, which included incubation of plant pieces in each buffer (M63 medium and 0.1 M Na-acetate buffer [pH 4]) without the enzymes. Finally, green leaf pieces were directly ground in liquid nitrogen, and the resulting dry material was incubated at room temperature and DNA extracted to assess DNA degradation over time.
Finally, tobacco leaves removed from the plant were also inoculated with pathogenic Ralstonia solanacearum strain K60. The inoculum consisted of R. solanaceraum cells (OD 600 of 1.52) grown overnight in rich BG medium (4) supplemented with 12 g of gentamicin ml Ϫ1 (Sigma). This inoculum was centrifuged, rinsed with sterile water, centrifuged again, and resuspended in the appropriate amount of sterile water to provide a concentration of 8.8 ϫ 10 8 cells ml Ϫ1 . Three hundred microliters of the bacterial suspension was inoculated into the central and secondary veins of the leaf as described by Bertolla et al. (2) , and plant infection was left to proceed at room temperature for more than 1 week. Pieces of the leaf were cut on days 0, 5, and 8 and treated as previously described for storage and DNA extraction.
The concentration of extracted DNA was measured spectrophotometrically (OD 260 ), and aliquots were used to estimate DNA degradation by electrophoresis on agarose gels. The persistent transgene DNA sequences were quantified by real-time PCR. DNA was amplified with the Light Cycler thermocycler (Roche, France) with initial denaturation at 95°C for 480 s before 45 cycles of 95°C for 10 s, 55°C for 8 s, and 72°C for 16 s. Primers p415 (5Ј-ATTCCGTGGCGTTAT-3Ј) and p416 (5Ј-T GACGGGCTGATACT-3Ј) were complementary to part of the aadA gene amplifying a 382-bp fragment. Plasmid pLEP01, previously used to transform plants, and which contained the aadA marker gene, was serially diluted in ultrapure water from 3.2 ϫ 10 0 ng to 3.2 ϫ 10 Ϫ5 ng and used as a PCR template for definition of calibration curves. Data were analyzed with the Light Cycler software (version 5.3). The crossing points were assessed and plotted versus concentrations of standards. All samples were tested in triplicate, and the average value of the three replicates was used for quantification. Quantity and relative loss were calculated in order to evaluate the number of aadA target sequences in the total plant DNA during the degradation processes.
Finally, the loss of the transformation potential of the extracted DNA was measured by using each DNA solution to transform Acinetobacter sp. strain BD413, which harbors the recombinant plasmid pBAB2 (15) , in which plastid sequences have been cloned to favor homologous recombination with transplastomic tobacco sequences. Acinetobacter sp. strain BD413 (DSM586) was cultured on Luria-Bertani (LB) medium (10g of Bacto tryptone, 5 g of yeast extract, and 5 g of NaCl in 1 liter of distilled water) containing 20 g of nalidixic acid ml Ϫ1 (Sigma Chemical Co., St. Louis Mo.
). An overnight culture of the strain was diluted 25-fold into fresh medium and cultured for an additional 2 h at 28°C. A bacterial suspension volume of 180 l was added to 20 l of concentrated plant DNA solutions of 20 and 40 g ml Ϫ1 , providing total amounts of 400 and 800 ng, respectively. The resulting mixtures were thoroughly mixed and incubated for 120 min at 28°C. In control experiments, DNA was replaced by sterile water. Transformants were selected on LB medium containing nalidixic acid (20 g ml Ϫ1 ), ampicillin (50 g ml Ϫ1 ), and spectinomycin (50 g ml Ϫ1 ), while recipient cells were grown on the same medium without spectinomycin. Colonies were counted after 2 to 3 days of incubation at 28°C. Three repetitions were carried out for each sample.
The presence of chloroplast and aadA gene sequences in recombinant clones was controlled by PCR with p1531cpl2up (5Ј-TTTCTATTGTTGTCTTGGAT-3Ј) and p416 (5Ј-TGAC GGGCTGATACT-3Ј) as the forward and reverse primers, respectively. The cycle consisted of a touchdown PCR in which denaturing and elongation steps were done at 95 and 72°C and the annealing temperature decreased by 2°C after 2 cycles starting from 60°C to 50°C, followed by 25 cycles of 94°C for 30 s, 50°C for 30 s, and 72°C for 1 min. The last cycle was done at 72°C with a 7-min extension temperature before storage at 4°C. All treatments and analyses were done in triplicate, allowing calculation of the average and standard deviation parameters.
Plant DNA degradation kinetics in ground plant leaf. After being ground in liquid nitrogen, the resulting plant material was incubated at room temperature before the DNA was extracted and analyzed. Agarose gel electrophoresis indicates that DNA degradation occurred rapidly, as illustrated by the size distribution, which differed significantly after 24 h from those after 0 and 1 h (Fig. 1A) . Degradation was even more significant after 72 h, when the longest DNA fragments had disappeared completely. Total DNA yield, as estimated by spectrophotometry (OD 260 ), was found to remain nearly constant for 24 h (67.3 ng mg Ϫ1 ) before a drop at 72 h (22.2 ng mg Ϫ1 ) (Table 1) , corresponding to a 57% genomic DNA loss. The specific aadA sequence was quantified by real-time PCR to be 6.77 ϫ 10 4 (Ϯ 1.53 ϫ 10 3 ) sequences ng of total DNA Ϫ1 (Table 2) , which corresponds to a relative gene loss of 98.2% after 72 h. Thus, both the total DNA and the gene aadA appear to decrease drastically in concentration between 24 and 72 h, indicating that plant nucleases were active. Interestingly, the relative loss of total DNA was about 50% over 72 h, while that of the aadA sequences was Ͼ98%, indicating that the shearing process decreased the average size of the DNA fragments, thus preventing amplification of aadA sequences. tests with Acinetobacter calcoaceticus (pBAB 2 ) were also carried out with 400 or 800 ng of DNA extracted from the various samples (Table 2 ). Transformation frequencies with the lowest quantity of DNA were reduced by 2 orders of magnitude. DNA extracted directly after grinding or after 1 h of incubation provided transformation frequencies ranging across the same order of magnitude (7.7 ϫ 10 Ϫ4 Ϯ1.9 ϫ 10 Ϫ4 and 9.1 ϫ 10 Ϫ4 Ϯ 3.8 ϫ 10 Ϫ4 ). The DNA from samples incubated for 24 h had a significantly lower transformation frequency (by about 3 orders of magnitude: 0.21 ϫ 10 Ϫ7 Ϯ 0.15 ϫ 10 Ϫ7 ), and the frequency remained at that level when DNA originated from samples incubated for an additional 48 h (t ϭ 72 h), indicating that DNA lost most of its biological potential due to plant nuclease activity (Table 2) .
Plant DNA degradation kinetics in pectinase-treated plant leaves. In nature, enzymes such as pectinases or cellulases are produced by saprophytic or pathogenic organisms and are involved in the decay process of plant materials. To simulate such enzymatic attacks, we tested a cocktail of compounds produced by the pathogen E. chrysanthemi by using the supernatant of the growth medium in which the bacterium was cultured. According to Moulard et al. (19) , such a solution contains not only pectinases and pectin methyl esterases, but also nucleases, as confirmed by the ability of this solution to degrade pure plasmid or plant DNA (results not shown). Leaves incubated with the supernatant of E. chrysanthemi cultures remained green for 2 days before turning to a light brown color on the 3rd day. Control samples treated with the M63 (Fig. 1B) . Spectrophotometric quantification of DNA (Table  1) indicated that there was no loss of DNA in cells treated for 24 h with the pectinase-containing E. chrysanthemi extracellular solution (103.3 Ϯ 15.9 ng mg Ϫ1 ). Moreover, incubation of plant leaves for 1 h in either the sterile or E. chrysanthemi culture M63 medium increased the efficiency of the DNeasy plant DNA miniextraction kit, leading to greater quantities of DNA extracted after incubation (Table  1) . However, the total amount of extracted DNA decreased to more than 37% after incubation for 72 h (26.8 Ϯ 0.9 ng mg Ϫ1 ) in the pectinase-containing solution, confirming electrophoresis results from degradation of DNA occurring at this stage. In addition, the real-time PCR-estimated aadA sequence number, which remained nearly unchanged until 24 h (2.08 ϫ 10 ). This decrease was not observed in control leaves incubated in the sterile M63 medium (results not shown).
The transformation frequency when recovered DNA was used to transform Acinetobacter sp. strain BD413 containing plasmid pBAB2 dropped significantly after 24 h (Table 2) , corresponding to a transformation frequency loss of 98%, and then continued to decrease by more than 2 orders of magnitude after 72 h.
All of these results are consistent with the concept that plant DNA still present inside plant cells was subjected to degradation.
Plant DNA degradation kinetics in cellulase-treated plant leaves. The color of tobacco leaves submitted to a commercial cellulase preparation darkened within the first 12 h, and the leaves lost their rigidity, becoming soft and flaccid, whereas samples incubated in sterile Na-acetate buffer remained green and rigid. DNA degradation occurring inside the transgenic tobacco plant cells treated with cellulase was faster than when plants were treated with pectinase-containing E. chrysanthemi extracellular solution. DNA smears were detected after incubation for only 1 h in the cellulase-containing solution (Fig.  1C) . Larger DNA fragments present after 1 h were gradually degraded during their incubation. After 72 h, most of the fragments were below 2 kb in size (Fig. 1C) . Incubation of leaf pieces in sterile Na-acetate buffer also resulted in DNA degradation within 24 h. However, smear patterns indicated that DNA was much less degraded in these control samples than in those treated with cellulase-containing solution (Fig. 1C and  CЈ) . The amounts of recovered and spectrophotometrically quantified DNA indicated that cellulase-treated leaves experienced a gradual loss of DNA inside the plant cells (Table 1) . However, the incubation of plant leaf pieces in sterile Naacetate buffer also resulted in a decrease in significant amounts of DNA (15.2 ng mg Ϫ1 , corresponding to a loss of 52.8%), although not as much as with the cellulase solution (12.3 ng mg Ϫ1 , corresponding to a loss of 83.2%). A gradual decrease in the aadA gene sequences was also quantified by real-time PCR amplification (Table 2) . After 72 h of incubation in cellulase and Na-acetate buffer, losses of 91.4 and 99.4%, respectively, were observed. The transformation frequency of Acinetobacter sp. strain BD413, which contained the plasmid pBAB2, with DNA from cellulase-treated leaves decreased to 1.1 ϫ 10
Ϫ8 after 72 h (Table 2) , which corresponds to a 99.8% decrease. In this case, we calculated the kinetics of transformation efficiency, which can be defined as the ratio between transformation frequency and the number of aadA gene sequences. A regular decrease in transformation efficiency during the decay process (Fig. 2) suggests that the number of aadA sequences quantified by real-time PCR is only a relative indicator of the biological potential. These data also confirm the need for additional studies to determine if persistent transgenic sequences detected in field soils (12, 20) maintain their biological potential.
Plant DNA degradation kinetics in R. solanacearum-infected plant leaves. Tobacco leaves, which were cut out of the plant and infected in vitro with 2.64 ϫ 10 8 cells of R. solanacearum strain K60, exhibited wilting symptoms similar to those observed in greenhouse plants infected by R. solanacearum. Extracted DNA exhibited patterns on agarose gel (Fig. 1D) indicating that the DNA maintained a high level of integrity for at least 5 days following bacterial inoculation (Fig. 1D, lanes  D5) . However, at t ϭ 8 days, a smear could be detected, the loss of the higher fragments indicating that degradation occurred (Fig. 1D, lanes D6 ). Spectrophotometric quantification of DNA indicated that the amounts of DNA material extracted from contaminated plants increased regularly and significantly. An increase of more than 1 order of magnitude between control plants and those infected by R. solanacearum for 8 days was observed (Table 1) . When the various extracted DNA samples were used as templates for real-time PCR, a small increase in the plant-specific aadA gene sequences was detected (from 1.54 ϫ 10 6 Ϯ 8.01 ϫ 10 5 to 4.97 ϫ 10 6 Ϯ 7.35 ϫ 10 5 ) (Table. 2). The transformation frequency, which was 1.2 ϫ 10 Ϫ5 Ϯ 3 ϫ 10 Ϫ5 at t ϭ 0, was found to decrease when plant DNA extracted 5 days (4.5 ϫ 10 Ϫ6 Ϯ 1 ϫ 10 Ϫ5 ) and 8 days (4.4 ϫ 10 Ϫ8 Ϯ 5.4 ϫ 10 Ϫ7 ) after bacterial infection was used. These results indicate an increase in the total DNA yield, while the two other approaches, which target plant DNA specifically (PCR-and transformation-based determination of the number of plant aadA sequences), indicated that plant DNA was degraded. These data could be related to a release of bacterial DNA during plant infection. Moreover, the strong decrease (by 2 orders of magnitude) in transformation frequency could be directly related to the presence of R. solanacearum genomic DNA that diluted the aadA sequences in the transforming DNA solution. However, the possibility that leaf colonization by the bacteria leads to changes in plant cell structure that would improve the efficiency of DNA extraction cannot be excluded.
A potential transfer of aadA sequences from the plant to the bacteria is not a valid hypothesis, because transformation of R. solanacearum in planta (3) is not favored. Moreover, the strain used in this study does not harbor sequences in which homologous recombination with plastid sequences could occur.
DNA smears and DNA loss could be related to the "programmed cell death" (PCD) involved in plants during reproduction, embryogenesis, senescence, and other processes, such as a hypersensitive response to pathogen attacks (30) . Genome fragmentation was observed in plant cells submitted to PCD (30) due to endonuclease activation, thus, ensuring the removal of unwanted DNA and the recycling of N and P sources (6) .
In conclusion, the kinetics of DNA degradation in plant cells submitted to decay processes could vary, depending on various biotic and abiotic factors. This confirms the interest in studying plant DNA after plant decay, but before the DNA enters the soil. Actually, this "residuesphere," defined as the interface between decaying plant material and the soil matrix (9, 25) , was shown to be a " hot spot " for bacterial growth and conjugal gene transfer. Even if most of the DNA is degraded in planta, enough DNA would persist to contribute to the pool of extracellular and potentially biologically active DNA in soil.
